pine metastases from solid organ tumors are very common in the population of patients with cancer, and these lesions represent a major source of morbidity. Therapy for metastatic spine tumors is palliative, with the goals of maintaining or improving neurological function, providing mechanical stability, and achieving local tumor control. The majority of spinal solid organ tumor metastases are treated with radiation therapy alone or a combination of surgery and radiation. Local tumor control is typically dependent on the response to radiation when offered as definitive therapy or as a postoperative adjuvant. The integration of stereotactic radiosurgery (SRS) into treatment paradigms for metastatic tumors has demonstrated durable local control rates greater than 90% that are histology independent, providing better control than that observed with conventional external-beam radiation therapy.
S
pine metastases from solid organ tumors are very common in the population of patients with cancer, and these lesions represent a major source of morbidity. Therapy for metastatic spine tumors is palliative, with the goals of maintaining or improving neurological function, providing mechanical stability, and achieving local tumor control. The majority of spinal solid organ tumor metastases are treated with radiation therapy alone or a combination of surgery and radiation. Local tumor control is typically dependent on the response to radiation when offered as definitive therapy or as a postoperative adjuvant. The integration of stereotactic radiosurgery (SRS) into treatment paradigms for metastatic tumors has demonstrated durable local control rates greater than 90% that are histology independent, providing better control than that observed with conventional external-beam radiation therapy. 12, 22 The availability of this treatment remains limited, however, and the vast majority of patients are still treated with conventional radiation therapy, with lower rates of local tumor control. Despite excellent tu-mor responses to radiation therapy, a subgroup of patients will demonstrate tumor progression, leaving them with no effective treatment options and placing them at risk for progressive spinal cord or cauda equina compression and paralysis. Recent experience with intraarterial (IA) chemotherapy for retinoblastoma 2 led us to investigate the possibility of delivering IA chemotherapy to spine tumors in instances in which surgical and radiation options were exhausted. This paper presents interim data from a Phase I clinical trial aimed to test the hypothesis that spinal intraarterial chemotherapy (SIAC) can be safely applied in patients with metastatic spinal epidural tumors.
methods patient characteristics
This single-arm, progressive, Phase I clinical trial was approved by the Weill Cornell Medical College Institutional Review Board and is listed on the clinical trials website (Intra-arterial Chemotherapy for Spinal Metastases, www. clinicaltrials.gov; NCT01637766). A physician-sponsored Investigational New Drug approval (No. 113342) was obtained from the FDA. The inclusion and exclusion criteria are described in Table 1 . All tumor histological types were eligible for this treatment. Nine patients (5 male; age range 19-76 years, median age 48 years) were enrolled in the trial between July 2009 and June 2012. Informed consent was obtained from all patients.
All patients had MRI evidence of progressive spinal epidural disease, and had already been treated with surgery and SRS at that level. Each patient's history, clinical condition, and imaging were reviewed at the spinal tumor board, and the consensus among neurosurgery and radiation oncology experts was that these patients were not candidates for further surgery or radiation. All patients underwent spinal MRI scans with contrast within 4 weeks of study enrollment. The grading of epidural disease and spinal canal compromise was based on axial MR images, using the following classification for epidural spinal cord compression: Grade 0, no subarachnoid space compression; Grade 1, subarachnoid space partially obliterated without cord compression; Grade 2, subarachnoid space partially obliterated with cord compression; and Grade 3, subarachnoid space completely blocked, with severe cord compression. 4 Only patients with Grades 1 and 2 were eligible for the trial. Exclusion criteria were Grade 3 spinal cord/ cauda equina compression, rapidly worsening neurological symptoms, low white blood cell (WBC) counts, and life expectancy less than 3 months. In patients with multifocal spinal epidural disease, the target area was the one with the most significant degree of epidural disease based on MRI. The primary objective of the trial was to evaluate the safety and feasibility of SIAC, and the secondary objective was to evaluate changes in epidural tumor size after treatment. The FDA approved enrollment of up to 20 patients. The study was to be discontinued if a severe adverse event (SAE) occurred in more than 3 of the first 10 patients.
the Siac procedure
The spinal arterial catheterization was performed using standard interventional techniques via femoral arterial access. Either conscious sedation or general anesthesia was used, primarily depending on the patient's ability to lie flat for the duration of the procedure. The treatment area was selected based on the MRI scans. Epidural tumor was seen as enhancing area on T1-weighted sequences and high-signal-intensity area on T2-weighted sequences. The arterial territory to be treated with chemotherapy was determined by following basic knowledge of the spinal arterial anatomy, so that the entire targeted area was covered. The segmental (intercostal or lumbar) arteries supplying the epidural tumor at the level of compression, including at least one vertebral body level above and one vertebral body level below, were catheterized and studied with digital subtraction angiography. Patients with vascular supply to the spinal cord (anterior and/or posterior spinal arteries) originating from the same segmental arteries supplying the tumor were excluded from the study and chemotherapy was not administered (angiographic exclusion criterion). Following diagnostic angiography, a microcatheter was used to superselectively catheterize the ventral branch of the segmental arteries and permanently occlude it with detachable coils. This step was undertaken to minimize the flow of chemotherapy into the normal paraspinal soft tissues and the thoracic or abdominal wall, thus allowing for maximum delivery of chemotherapy to the vessels of the dorsal branch supplying the tumor. Then, chemotherapy was infused through the microcatheter using a pulsatile injection technique to avoid streamlining and heterogeneous delivery. 9 
chemotherapy agent
The chemotherapy agent used in this study was melphalan (brand name Alkeran). The total dose injected was the recommended systemic dose of 16 mg/m 2 , adjusted for WBCs, platelets (PLTs), and renal function per FDA guidelines. Melphalan was diluted with normal saline to achieve a 1:1 concentration, and the infusate was equally 
postprocedure evaluation and Follow-up
The study patients were observed for 5 hours after the procedure prior to discharge to home, and then followed weekly with physical examinations and complete blood counts. All adverse events within 30 days of the last SIAC were recorded. The possible adverse events were classified as catheterization-or angiography-related (i.e., vessel dissection, vessel thrombosis or occlusion, renal insufficiency, contrast medium allergy, hematoma, death); local chemotherapy toxicity (i.e., spinal cord ischemia or toxicity, tissue or skin necrosis); and systemic chemotherapy toxicity (i.e., myelosuppression, nausea, vomiting, sepsis, death). Serious adverse events were defined as Grade 3 or greater toxicity according to the National Cancer Institute's Common Terminology Criteria for Adverse Events, version 4.03 (2010).
Enrollment to the trial required at least 1 SIAC, but the protocol allowed for up to 3 SIAC procedures at the same level, repeated at 3-6 week intervals based on the results of complete blood counts. The patients were followed with blood tests and office visits for at least 30 days after the last treatment. As part of the protocol, a spinal MRI study with contrast was performed approximately 4 weeks after the last SIAC treatment to assess for complications related to the experimental treatment (hemorrhage, spinal cord inflammation, spinal cord infarct) as well as tumor size changes. We made every possible effort to obtain MRI scans at later time intervals, and any spinal imaging thereafter was performed as clinically indicated (not required by the protocol). The follow-up duration was determined according to the last available spinal MRI scan. All MRI scans were reviewed by an experienced neuroradiologist (E.L.), and any measurable increase in the dimension of epidural disease or increased mass effect on the thecal sac, spinal cord, or cauda equina was considered evidence of disease progression.
results
Metastatic tumor histological diagnoses included colorectal carcinoma in 3 patients, and melanoma, renal cell carcinoma, lung carcinoma, leiomyosarcoma, Ewing's sarcoma, and hemangiopericytoma in 1 patient each ( Table  2 ). The targeted tumor was located in the thoracic spine in 7 patients and in the lumbar spine in 2 patients. A total of 19 procedures were performed in 9 patients (median 2 procedures per patient). Two experienced interventional neuroradiologists (A.P., Y.P.G.) performed the SIAC procedures. The goal was for each patient to receive 3 separate treatments, but only 4 patients received all 3 IA infusions. Two patients received 2 IA infusions and 3 received a single IA infusion. Reasons for patients not receiving the goal number of infusions included the following: SAE after initial treatment (n = 1), local tumor progression representing failure (n = 1), patient availability (n = 1), and significant clinical deterioration due to systemic disease progression (n = 2). A follow-up spinal MRI study with contrast at 4 weeks postprocedure as per the protocol was obtained in all patients. Three patients had more than one follow-up MRI session. The follow-up duration ranged from 1 to 7 months (median 3 months, mean 3.3 months).
No catheterization-related, angiography-related, or local toxicity adverse events were observed. One patient developed neutropenic fevers and was admitted to the hospital for prophylactic antibiotics and supportive care (Grade 4 adverse event). This patient had diffuse Ewing's sarcoma and had previously received multiple regimens of aggressive chemotherapy and extensive spinal radiation. This was the only SAE in the trial. Another patient developed nausea after the procedure (Grade 2 adverse event); this did not qualify as an SAE.
Local tumor control was achieved in 8 of 9 patients. Based on the MRI scans obtained after the last SIAC treatment, the tumor remained stable in 7 patients and slightly decreased in size in 1 patient. Among the 8 patients with local tumor control, 7 had imaging evidence of disease progression at other spinal sites outside the SIAC-treated levels (Fig. 1) . Tumor progression at the treated level was seen only in the patient with leiomyosarcoma; that tumor had a large paraspinal as well as epidural component that continued to increase in size despite 2 technically successful IA chemotherapy sessions. Therefore, the decision was made not to proceed with further SIAC.
discussion
In this paper we describe our initial experience with 19 procedures of SIAC in 9 patients. The primary feasibility end point was reached in all 9 patients and 19 procedures, and the primary safety end point was reached in 8 of 9 patients. Even though the trial is still open, we decided to report interim results because we wanted to increase awareness for this procedure that in our opinion has a role to play in the management of selected patients with spinal metastatic disease. Because of the exceptional results of radiation therapy at our institution, recruitment has been slow and it may take years to complete the trial. To our knowledge, this is the first report of a prospective clinical trial of IA chemotherapy for spinal epidural disease. Chiras et al. described a series of 25 patients with metastatic disease to the spinal column (n = 10), iliac bone and sacrum (n = 15) who were treated with transarterial chemoembolization using polyvinyl alcohol particles, pirarubicin, and carboplatin, achieving significant pain relief in 15 patients and local tumor control in 16 patients with available imaging follow-up. 6 There are two main differences between this protocol and ours: 1) our technique does not involve the use of embolic agents and consists of chemotherapy infusion only; and 2) the focus of our treatment is the epidural disease and neurological symptoms as opposed to pain levels and overall tumor size.
Advances in the field of interventional radiology during the last 2 decades have led to the use of selective IA chemotherapy for the treatment of malignant diseases. Conventionally, the systemic dose of an anticancer drug is increased to the maximum tolerated dose, assuming that higher drug concentrations will be achieved, which in turn will result in increased effectiveness. Intraarterial (or other regional) drug delivery may be used to circumvent the maximum tolerated dose limitation and achieve an even higher drug concentration at the target area. A prominent example of the effectiveness of regional drug delivery is found in the treatment of liver malignancies, where IA chemotherapy (with or without embolization) has been used as a palliative treatment for unresectable hepatocellular carcinoma, as neoadjuvant therapy prior to orthotropic liver transplantation, and as first-line treatment for unresectable hepatic metastases from colorectal cancer. 3, 14, 15 The pharmacokinetic advantage of administering chemotherapy through the IA route is that the first pass of the drug is through the tumor vascular bed, thus avoiding the first-pass metabolism of chemotherapeutic agents administered orally or intravenously. Therefore, the local concentration of chemotherapy in the tumor is very high, with less systemic exposure and possibly less systemic toxicity. After the first pass of the drug through the tumor vascular bed, the remaining drug leaves the target area and enters the systemic circulation. Even though there is a component of the drug that behaves as if it were injected intravenously, the resulting intravenous (IV) dose is much less than the dose delivered with conventional IV systemic dosing. The maximum effect in terms of increased drug concentration at the target area is achieved with drugs that have high total body clearance and low regional exchange rates at the target area. 7 Other desirable characteristics for a drug delivered intraarterially are a linear dose-response effect (i.e., tumor cytotoxicity proportional to the level of exposure), minimal nontarget regional toxicity, and minimal systemic toxicity.
The advantage of IA drug administration has been shown in the liver, where therapeutic drug concentrations within liver tumor were up to 100 times greater than those achievable with systemic chemotherapy, 11, 16, 19 and in the CNS, where IA administration of technetium-99m hexylmethylpropylene amineoxine into human cerebral arteries achieved a 50 times higher concentration in brain tissue compared with IV injection of the same substance. 17 Comparative pharmacokinetics of gemcitabine during IA and IV delivery in patients with unresectable pancreatic cancer showed significantly lower plasma concentrations of gemcitabine and its deaminated metabolite in the systemic circulation after IA delivery, suggestive of a major advantage of IA delivery in terms of reduced systemic toxicity. 20 The ideal tumor to be treated with IA chemotherapy is a regionally confined lesion, with an arterial supply that is feasible and safe to catheterize, and in which local tumor control or regression is clinically meaningful. Spinal epidural metastatic disease fits all these criteria. All patients enrolled in the trial had imaging evidence of progressive recurrent epidural disease and were not eligible for the standard treatments. These patients, who are destined to develop cord/cauda equina compression and neurological compromise, are the focus of this novel therapeutic approach, with SIAC aiming to achieve local tumor control and prevent the devastating complication of spinal cord or cauda equina compression.
The goal of IA drug delivery is to increase the effectiveness of a drug that has already demonstrated some activity against the targeted disease. Melphalan is an alkylating agent currently used systemically to treat multiple myeloma and ovarian cancer. Melphalan has also been used intraarterially with good results for the treatment of limb melanoma (using isolated limb perfusion), 5, 13, 21 for the treatment of colorectal metastatic disease to the liver (chemoembolization), and it has also shown effectiveness against lung metastases 8, 10 and soft-tissue sarcoma. 5 Because melanoma and colorectal carcinoma are relatively radioresistant tumors, we expected that these histological types would be common in our cohort.
Melphalan is an excellent choice for IA infusion because it has rapid elimination and high total body clearance (half-life of 60-90 minutes), largely independent of renal and hepatic function. In addition, melphalan is a cell-cycle-nonspecific alkylating agent with a linear doseresponse curve, which is advantageous for regional drug delivery. A systemic dose of 16 mg/m 2 is considered "lowdose" for multiple myeloma protocols and is usually well tolerated, with acceptable and predictable systemic toxicity. The most common side effect of melphalan is bone marrow suppression; the WBC and PLT count nadirs usually occur 2-3 weeks after treatment, and recover 2-3 weeks later. Melphalan has no neurotoxicity. Intraarterial administration of melphalan in the ophthalmic artery has revolutionized the treatment of intraocular retinoblastoma. 1 To date, we have treated more than 150 patients using this novel approach. Based on prior experience with selective IA chemotherapy for the treatment of ocular retinoblastoma, 2 and the high local control rates achieved with selective IA injection of chemotherapy in recurrent limb melanoma, 18 we postulated that SIAC with selective injection of melphalan in the arteries feeding the metastatic disease would be feasible and safe and might prove beneficial in achieving local control of the spinal tumor.
The safety end point in our study was met in 8 of 9 patients. Great care was taken to avoid infusion of the chemotherapy agent into a segmental artery that supplies the spinal cord, which could potentially result in spinal cord toxicity and myelitis. No toxicity to the spinal cord was exhibited in this study. One patient developed severe bone marrow suppression and febrile neutropenia from systemic drug toxicity. This patient had been heavily treated with IV chemotherapy and spinal radiation in the past and was at a higher than usual risk for bone marrow suppression. In general, however, systemic toxicity is predictable when using body surface or weight dosing schemes, and adjusting the total dose according to WBC and PLT counts and renal function can prevent severe bone marrow suppression.
The secondary objective of this trial is to assess clinical response and epidural tumor changes after SIAC. The majority of patients in the trial had no evidence of disease progression at the treated level after SIAC, despite definitive evidence of progressive/relapsing disease prior to enrollment, and prior surgical and radiation treatments. Because all patients had recurrent progressive epidural disease without options for further radiation or surgery, it's conceivable that without any intervention the tumors would probably continue to progress. Obviously, the tumor response needs to be studied and validated in a large multicenter trial with randomization. Although there is evidence of the clinical effectiveness of melphalan against a variety of malignancies, the choice of a single therapeutic agent for all tumor histological types is not optimal. Similarly to our approach, Chiras et al. used a single therapeutic agent for treating bone metastatic disease caused by a variety of tumors. 6 Ideally, each tumor could have been targeted with a separate chemotherapy agent, but this approach requires separate protocols, investigational new drug approvals, and trials for each drug. Given the low rate of accrual and the strict indications, it would take many years before such trials would be completed. On the other hand, the preliminary good clinical results of this study across a variety of different histological types suggest that SIAC is effective against epidural metastatic disease. The fact that in most patients there were imaging findings of tumor progression at other-untreated with SIAC-spinal levels supports the notion that local tumor control at the treated level was due to SIAC.
The very small study population and the short duration of follow-up are limitations of our study. The patients were enrolled in our trial after they had exhausted the standard treatment options, and most had reached terminal stages of their disease. The follow-up duration was based on the last available MRI scan, and we made every effort to follow the patient until they died of systemic disease or were admitted to hospice. This trial is aimed to look at safety and feasibility, and the short follow-up does not affect the main objective of a Phase I trial (i.e., safety and feasibility). A future trial with effectiveness as an end point will need to have longer follow-up times to have credible results for local tumor control. We believe, however, that even if the survival proves to be on the order of few months in a larger series of patients, preventing or delaying inevitable cord/cauda equina compression is still very important in improving the quality of life and decreasing the stress and burden of severe neurological deficits on the patients and their families.
conclusions
The interim results of this Phase I clinical trial support the hypothesis that SIAC with melphalan for patients with recurrent epidural metastatic disease is feasible and safe. The encouraging results in local tumor control suggest that this may become an important tool for the palliative treatment of patients in whom radiation therapy and surgery have failed. The results thus far support continuing the Phase I trial.
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